Purpose: This study examined the effect of amygdala kindling development in Proechimys guayannensis rat, a common rodent of the Amazon basin.
Proechimys guyannensis, a spiny rat species living in the Amazon region, belongs to the Echimydae family, Hystricomorpha suborder, Proechimys genus (1) . Proechimys from Amazonia have been extensively studied in relation to their ecology and evolution (2) (3) (4) . The main characteristic of this species is the high degree of maturity shown by the newborn animal, which contrasts with the majority of conventional animal species used in laboratories. When bred in captivity, it is docile and easily manipulated.
Animal studies have significantly contributed to the understanding of the epileptogenesis and action mechanism of antiepileptic drugs (AEDs). Previous findings from our laboratory have shown a remarkable resistance of P. guyannensis rats to experimental epilepsy paradigms, such as the administration of the muscarinic cholinergic agonist pilocarpine or the glutamate agonist kainic acid (5) . In a subsequent study, Fabene et al. (6) showed a less severe EEG and behavioral response to pilocarpine administration in the P. guyannensis rats. In the long run, no spontaneous seizures were observed afterward. Moreover, the immunohistochemistry analysis revealed that parvalbumin and calbindin immunostaining were increased in several thalamic regions, suggesting that thalamic long-term alterations could reflect functional changes in inhibitory and excitatory neurons.
The reliability of P. guyannensis rat as a natural animal model of endogenous anticonvulsant mechanisms suggested the study of progressive epileptogenesis in this animal species. Kindling, originally described by Goddard et al. (7) , has been proved to be a useful model of epilepsy, because it permits a gradual and controlled development of the epileptic condition (8) . Kindling is a process whereby epileptiform activity and generalized convulsive seizures are produced in animals as a direct result of repetitive and intermittent application of a brief subconvulsive electrical stimulation to various limbic and cortical structures (7) . Although kindling has been considered a convenient model of the epileptic process, its characterization as a model of epilepsy is not widely accepted, because the occurrence of spontaneous seizures is not a hallmark of this method (9) . Kindling has been performed in mice (10) , rats (7, (11) (12) (13) (14) , rabbits (15) , cats (16) , baboons (17) , monkeys (7), and frogs (18) . The rate of kindling across these species differs dramatically. Furthermore, within the same species, but across the strains, the kindling rate can vary greatly. Even within a strain, the kindling responsiveness for a given structure appears to differ markedly. This has been shown particularly for amygdaloid kindling in the Wistar rat (Rattus norvegicus), this group of nuclei and this strain being among those most frequently studied. Accordingly, with these observations, the present study was designed for studying the susceptibility of P. guyannensis to amygdala kindling development.
MATERIALS AND METHODS

Animals
Forty-three adult male Proechimys animals (2-3 months old, weighing 210-250 g) and 14 adult male Wistar rats (weighing 200-250 g) were used in this experiment. P. guyannensis, originally deriving from the Amazon basin, were bred in a colony established at the Universidade Federal de São Paulo/Escola Paulista de Medicina and housed in a standard light-dark cycle with free access to food and water. Wistar rats were obtained from the laboratory colony.
Surgical techniques and stimulations
Under deep anesthesia (thionembutal, 50 mg/kg, i.p.), the Proechimys animals were stereotaxically implanted with twisted bipolar electrodes of nichrome wires (100 m), aimed at the right amygdala. To determine the appropriate stereotaxic coordinates for the amygdala in this animal species, several animals were submitted to stereotaxic surgery, and histologic examinations were performed to determine the appropriate electrode placements. Therefore, the following coordinates were established for the P. guyannensis rat: 2.3 mm posterior to bregma, 5.0 lateral to midline, and 8.5 deep. The same surgical procedures were used for Wistar animals, and stereotaxic coordinates were determined (2.5 mm posterior to bregma, 4.5 lateral to midline, and 8.5 deep) according to the atlas of Pellegrino and Cushman (19) .
Three stainless steel screws were attached to the skull for surface recordings; one in the frontal bone served as an electrical ground, and the two others in the occipital region were used for EEG recording. One week after surgery, the animals were tested for afterdischarge threshold (ADT). The parameters of stimulation were as follows: 60-Hz frequency, biphasic square pulses of 1-ms duration applied for 2 s. The intensity was delivered through a constant-current stimulator and adjusted every 10 min until a short AD was evoked. Stimulation intensities began at 60 A. If no AD was induced at this level, the intensity could be doubled in the next two trials until an AD was evoked. The lowest current intensity producing an AD was designated as the ADT. The animals were stimulated once a day at approximately the same time (between 14:00 and 18:00 h) and with the same intensity, during the whole procedure. Seizure behavior was graded according to Racine (13) . Rats were considered kindled when three consecutive stage 5 seizures were observed, although the number of stimulations needed to reach the first generalized seizure (kindling development) was used for statistical analysis.
Histology
At the end of the experiments, all animals were deeply anesthetized, and a constant current of 10 A was passed through the deep electrodes for 3 min. The animals were then intracardially perfused with saline followed by a 10% formalin solution containing potassium ferrocyanide to reveal iron deposits. Frozen sections of 100 m were taken from the region of the electrodes. Sections were stained with cresyl violet, and the position of the electrode tips was verified.
Statistical analysis
Statistical analysis was done by using the t test and Fisher's Exact test to analyze the AD duration, number of stimuli to reach stage 5, and ADT on Proechimys and Wistar rats. Significance was established at the p < 0.05 level.
RESULTS
Histologic examinations for electrode placements indicated that all electrodes were within the amygdaloid complex (Fig.1) . All Wistar rats (n ‫ס‬ 14) submitted to kindling reached stage 5. The mean numbers of stimulations and the AD duration required for the first generalized seizure (stage 5) and for each stage of the kindling process for Wistar rats are similar to those observed in previous studies (20, 21) . From 43 Proechimys animals submitted to the kindling process, only three animals reached stage 5. As observed, these results indicate that P. guyannensis is much more resistant to amygdala kindling compared with the Wistar rat (i.e., three 43 P. 1-3) , all animals had behavioral alterations similar to those observed in Wistar rats and other species (i.e., exploratory behavior and facial movements, eye closure, chewing, salivation, and forelimb clonus). Stages 4 and 5 (n ‫ס‬ 3) of kindling were characterized by an initial phase of catalepsy similar to that observed after the administration of narcotic agonists (22) . This behavior lasted 20-30 s and was followed by rearing and falling. The time course of development of wet-dog shakes (WDSs) for Wistar rats followed the pattern observed in a previous study (23) (i.e., WDSs occurs in relation to AD development and seizure stage). The timing of onset of WDSs in P. guyannensis rats occurred after stage 2-3, and the number of WDSs was not altered during the kindling procedure. Table 1 indicates the mean number of stimulations required for the first generalized seizure (stage 5) and for each stage of the kindling process for the Proechimys and the Wistar groups. The number of stimulations required for each stage, except for stage 4, was statistically higher for the Proechimys group compared with the Wistar group. A striking decrease of number of stimulation from stage 2 to stage 3 and 4 was noted in the Proechimys group.
FIG. 1. Histologic examination of Proechimys
The Proechimys group showed a higher mean ADT (198.4 ± 24.3 A) compared with the Wistar group (95.2 ± 12 A). The AD duration from the Proechimys group was longer from stages 1 to 4 of kindling development compared with that of the Wistar group but not statistically different in stage 5 ( Table 2 ). When we computed the distribution of the ADs for different seizure stages, we observed no significant increase of the AD duration from stage 1 to stage 3 in Proechimys animals.
EEG recordings during the amygdala kindling development are shown in Fig. 2 . The electrographic alterations from Proechimys animals during kindling process were basically the same as those described in other species. During the first stage of kindling, after a brief period of latency (∼3-4 s), epileptiform discharges of high amplitude appeared in the amygdala, with no propagation to cortex. With progressive stimulation, a subsequent propagation to the cortex could be observed.
DISCUSSION
Since the original finding of Goddard et al. (7), an increasing number of studies especially intended for amygdaloid kindling in the rat have been carried out. In the amygdala kindling, 10-14 stimulations in Wistar rats are generally required before a stage 5 seizure occurs (20, 21) . The results obtained during the amygdala kindling development in P. guyannensis rats, an species not yet studied in this model of epilepsy, demonstrate that this animal species presents significant differences in kindling development compared with other animal species. A higher number of stimulations to reach stage 5 were necessary in Proechimys animals, and only three animals were fully kindled. These results indicate that the P. guyannensis rat presents some resistance to reaching a fully developed motor seizure.
Several studies have demonstrated that in the kindling model, the ADT and the AD duration can indicate the animal's susceptibility to local epileptic activity. Le Gal La Salle (24) analyzed the relation between ADT and AD duration, suggesting that the higher the threshold, the shorter the AD duration. In his experiment, the author showed that rats that initially respond to the amygdaloid stimulation by long ADs tend to kindle faster than those that respond with short ADs. We observed that mean threshold value obtained to amygdala stimulation (ADT) in Proechimys was significantly higher than those ob- Data are expressed as mean ± SD. Proechimys group consisted of 43 animals, and Wistar group consisted of 14 animals at the beginning of the kindling procedure. For statistical analysis, we used the number of Proechimys animals (in parentheses) that evolved from one to the following stage.
Different from control group for a p < 0.05 (t test). AD, after discharge. served in Wistar rats, and stimulations were followed by very long ADs.
Another interesting observation in this study concerns the occurrence of WDSs. WDSs accompany amygdala kindling (25) ; their number is a function of the AD duration (23), and they disappear or are strongly reduced with generalizing of the epileptiform activity (26) (27) (28) . In the P. guyannensis rats, a correlation between WDSs and AD could not be determined because WDSs appeared during kindling stages 2-3, and their number remained almost unchanged in the following stages.
During the course of kindling in normal Wistar rats, the AD duration increases from some seconds in initial stages 1-2 to Ն1 min in the later stages 4-5. In these animals, the AD develops simultaneously or even precedes behavioral events (7, 29) . As observed in the present experiments, AD duration did not change from stage 1 to stage 3 in Proechimys animals, and a relation between its evolution and the appearance of behavioral manifestations could not be clearly established. AD duration in Proechimys animals was significantly longer in stages 1-4 and striking higher in stage 1 when compared with that in Wistar rats.
As a general role, the rate of kindling seems to be related to the length of the initial AD (i.e., the longer the initial AD, the more rapidly kindling appears) (24) . Therefore it is conceivable that longer ADs cause more sustained effects and then facilitate AD propagation, which, in turn, accelerates the kindling development. Although Proechymis had longer initial ADs than did the Wistar rats, the number of stimulations to reach stage 5 was remarkable higher in P. guyannensis rats, suggesting that different inhibitory mechanisms may be involved in this animal species during the kindling process. The initial stages of kindling (stages 1 and 2) are considered to be a phase of building up of activation of the stimulated site and gradual engaging of structures by the increasingly widespread propagation of the ADs from the primary focus (24) . As kindling progresses, AD activity propagates and recruits more neural networks (29) . This new network presumably serves as a pathway for the propagation and generalization of subsequent seizures. It is interesting to note that P. guyannensis rats had augmented AD duration from stages 1 to 4 but not in stage 5. These observations led us to believe that there must be some factors preventing the increased ADs to gain access to structures related to the motor organization of the epileptic seizure.
An interesting aspect observed in our study was the initial behavior of seizures in stages 4/5 of kindling. (30) (31) (32) and are released after seizure activity (33) . Rocha et al. (34) demonstrated that a subconvulsant amount of pentylenetetrazol (PTZ) enhances opioid peptide release, decreases mu receptor binding, and increases proenkephalin levels in the amygdala, suggesting that activation of opioid peptide system in the amygdaloid nucleus after the administration of a small amount of PTZ may prevent the seizure propagation.
Other hypotheses suggest the involvement of the opioid system in the initial stages of kindling development (34) . A microdialysis study (35) , after amygdaloid kindling stimulation, verified that enkephalin-related peptides that suppress epileptic activity (36) are released in the amygdala during the early kindling stages. We observed that the initial stages of kindling process (stages 1 and 2) in the P. guyannensis rats were strikingly longer than usually observed in other animal species, suggesting the opiate system participation in this process.
Future studies are necessary to determine whether there is an evident participation of the opioid peptide system during the kindling process in the P. guyannensis rat and also to expand our knowledge on neuronal networks, receptors, and neurotransmitters mediating the excitation/inhibition balance regulating seizure spread in this animal model of resistance to epilepsy. Taken together, these findings indicate that P. guyannensis rats may have natural endogenous anticonvulsant mechanisms and can be a resistant animal model to epileptogenic treatments.
